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Abstract. The general dynamic model of oceanic island biogeography integrates temporal changes in 
ecological circumstances with diversification processes, and has stimulated current research in island 
biogeography. In the original publication, a set of testable hypotheses was analysed using regression 
models: specifically, whether island data for four diversity indices are consistent with the ‘B~ATT²’ 
model, in which B is a diversity index, A is log(area) and T is time. The four indices were species richness, 
the number and percentage of single-island endemic species, and a diversification index. Whether the 
relationships between these indices and time are unimodal (i.e., ‘hump-shaped’) was a key focus, based 
on the characteristic ontogeny of a volcanic oceanic island. However, the significance testing uninten-
tionally used zero, rather than the mean of the diversity index, as the null hypothesis, greatly inflating F-
values and reducing P-values compared with the standard regression approach. Here we first re-analyze 
the data used to evaluate the general dynamic model in the seminal paper, using the standard null hy-
pothesis, to provide an important qualification of its empirical results. This supports the significance of 
about half the original tests, the rest becoming non-significant but mostly suggestive of the hypothe-
sized relationship. Then we expand the original analysis by testing additional, theoretically derived func-
tional relationships between the diversity indices, island area and time, within the framework of the 
ATT² model and using a mixed-effects modelling approach. This shows that species richness peaks ear-
lier in island life-cycles than endemism. Area has a greater effect on species richness and the number of 
single-island endemics than on the proportion of single-island endemics and the diversification index, 
and was always better fit as a log–log relationship than as a semi-log one. Finally, the richness–time rela-
tionship is positively skewed, the initial rise happening much more quickly than the later decline.  
Keywords. Diversification, extinction, immigration, island evolution, island life-cycle, island theory, lin-
ear mixed-effects models, macroecology, oceanic archipelagos, space-for-time substitution  
Introduction 
MacArthur and Wilson's (1963, 1967) equilibrium 
theory of island biogeography was seminal in link-
ing ecological processes with observable patterns 
and geographical features. It was also ground-
breaking in providing a first comprehensive theory 
of island biogeography with testable predictions. 
However, the need to incorporate further proc-
esses (especially speciation) more fully into a 
more general theory of island biogeography has 
frequently been stressed (e.g. Brown and Lo-
molino 2000, Heaney 2000, 2007, Lomolino 2000, 
Whittaker 2000). Several recent contributions 
have aimed to advance new syntheses of a more 
general island biogeographical theory. Among the 
most important is Whittaker et al.'s (2007, 2008, 
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2010) general dynamic model of oceanic island 
biogeography (GDM), currently the most compre-
hensive theoretical model for the biodiversity of 
oceanic islands of volcanic origin.  
 The GDM integrates the processes of immi-
gration, speciation and extinction in the temporal 
frame of the characteristic ontogeny of volcanic 
oceanic islands. After emergence from the sea, 
such islands are typically transformed by erosion 
processes, initially increasing topographical het-
erogeneity and later reducing it as the islands be-
come flatter (Whittaker et al. 2007). In addition, 
for some volcanic hotspot island systems, the ele-
vation is gradually reduced by subsidence of the 
underlying tectonic plate, once the hotspot re-
sponsible for its existence has passed by 
(Fernández-Palacios et al. 2011). The GDM is not 
an equilibrium theory and does not explicitly ad-
dress interactions among the three fundamental 
processes of immigration, speciation and extinc-
tion. Instead, it postulates that the carrying capac-
ity (for species diversity) of an island, which is re-
lated to its topographic heterogeneity, increases 
as the island grows in area and elevation and de-
clines as the island erodes away, later in its life-
cycle. Following this ontogeny of islands, the GDM 
predicts, among other things, unimodal (‘hump-
shaped’, over the entire life-cycle of the islands) 
relationships between time (often measured as 
the age of the island) and biodiversity indices, spe-
cifically: species richness; number of single-island 
endemic species; the percentage of native species 
that are single-island endemic species; and a di-
versification index that represents the ratio of the 
number of single-island endemics to the number 
of genera containing single-island endemics (see 
Whittaker et al. 2008 for details).  
 To empirically test time-related explana-
tions for island biodiversity, such as island ontog-
eny, time series of assemblage descriptors such as 
species richness and percentage of single-island 
endemics would be needed. Even if such data 
were available for some islands, they would need 
to span very long time-periods. Such data are not 
available. Space-for-time substitution is a com-
monly applied alternative strategy in such situa-
tions. To minimize confounding influences of spa-
tial or ecological context and regional bio-
geographic history, island archipelagos are often 
used for testing. This was the case for Whittaker 
et al. (2008), whose empirical evaluation of the 
GDM focused on the predicted unimodal relation-
ship between time and the diversity-related indi-
ces, based on the typical ontogeny of volcanic is-
lands. The relationship was expressed as: 
 
Biodiversity ~ Time + Time²    (1)
[abbreviated here as B~TT²] 
 
 Since islands of different maximum size 
(over their life-cycles) will differ in their overall 
biodiversity, Whittaker et al. (2008) also tested a 
correction term for (logarithmic) island area, to 
account for semi-log version of the well-known 
species–area relationship: 
 
Biodiversity ~ log(Area) + Time + Time² (2) 
[abbreviated here as B~lnATT²] 
(note: Whittaker et al. 2008 called this ‘ATT²’) 
 
 Whittaker et al. (2008) empirically tested 
these and several alternative models using linear 
regressions on the same variables. They found the 
predicted hump-shaped relationships, with the 
improved fit of the hump-shape over a linear rela-
tionship being significant in almost all cases. Fur-
ther, the B~lnATT² model received the strongest 
empirical support (see their Table 4). However, in 
their hypothesis testing they unintentionally used 
a value of zero for the response variable as their 
null hypothesis. That is, they tested whether each 
model accounts for the values of the diversity in-
dices significantly better than assuming all values 
of these indices to be zero. We consider this to be 
an inappropriate null hypothesis, which relegates 
to triviality the significance testing of the whole 
models versus the null—and involves some circu-
larity, given that archipelagos with few species or 
no single-island endemics were implicitly excluded 
from the sampling. It is also likely to have dis-
torted the comparison of models by causing the 
error variances to be unduly small, thus favouring 
the more complex models, including those with 
quadratic terms. We understand that zero was not 
re-evaluating the GDM 
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the intended null hypothesis; this is unfortunate, 
given how seminal the Whittaker et al. (2008) 
publication is proving to be. Here, we start by set-
ting the record straight: we redo the modelling of 
Whittaker et al. (2008), using the same data and 
models, but applying the standard null hypothesis. 
That is, we evaluate the models and their con-
stituent parts in terms of improved fit relative to 
the mean of the response variable, rather than 
zero.  
 We then expand upon the original analysis 
of Whittaker et al. (2008), and the reanalysis by 
Bunnefeld and Phillimore (2012), in two ways. 
First, we apply mixed-effects modelling to all the 
diversity indices used by Whittaker et al (2008); 
Bunnefeld and Phillimore (2012) only analysed the 
number of single-island endemics. This allows a 
meaningful comparison of different aspects of the 
diversity patterns, and we particularly focus on 
endemism versus richness, which may be ex-
pected a priori to behave differently (Whittaker et 
al., 2001). Second, we test whether alternative 
theoretically based functional relationships be-
tween biodiversity indices and island area and 
time provide a better fit than those tested so far 
within the framework of the ATT² approach. 
 
Methods 
Ecological and biogeographical datasets typically 
contain much noise (Simberloff 1980). To separate 
an existing pattern from noise, large datasets are 
required. The limited number of suitable archipel-
ago datasets and the small number of within-
archipelago replicates (islands within defined age 
classes) strongly restrict the options for statistical 
tests of island biogeographical theories using stan-
dard linear regression, especially for oceanic is-
lands. In order to overcome these issues, 
Whittaker et al. (2008) elected to test as many 
suitable oceanic archipelago datasets as possible. 
They used 14 datasets of different species groups 
on 5 archipelagos to test the GDM predictions 
outlined above. Each test had a small sample size, 
but some degree of generality was afforded by 
finding the same patterns repeatedly. An alterna-
tive is to pool data across archipelagos in one 
analysis, greatly increasing sample size. However, 
biodiversity data within archipelagos are typically 
more similar to each other than between compa-
rable islands from other archipelagos, for instance 
because of the influence of species pools; this vio-
lates the assumption of independence of observa-
tions. Here, we follow Bunnefeld and Phillimore 
(2012), who argued that mixed-effects models are 
a highly appropriate tool for hypothesis testing in 
island biogeography (see also Hortal 2012, Stein-
bauer et al. 2012). Mixed-effects models allow 
incorporation of all archipelagos under study into 
one analysis, thus increasing the statistical power. 
Regression coefficients representing the model of 
theoretical interest are fitted as fixed effects. 
Variation between archipelagos or species groups 
can be accounted for by adding random effects on 
the intercept and/or regression coefficients. This 
approach also allows additional testing because 
extra variables are included in the analysis (e.g., 
archipelago identity or taxonomic group). 
 Regarding functional relationships between 
the biodiversity metrics and island area and time, 
Fattorini (2009) argued that the species–area rela-
tionship is best expressed by a power function. 
Triantis et al. (2012) found the (logarithmic) 
power model to be the best supported out of 20 
species–area models tested on 601 island data-
sets. This suggests that the response variable 
should be log-transformed, as well as area (at 
least for the two diversity indices that count spe-
cies: species richness and the number of single-
island endemics). This applies the log–log relation-
ship, which is more commonly used than the semi
-log version to linearize the species–area relation-
ship: 
 
log(Biodiversity) ~ log(Area) + Time + Time²     (3)
[abbreviated as lnB~lnATT²] 
 
 We further test whether log-transformed 
time values significantly improve model perform-
ance and normality of residuals because island 
building typically happens much more quickly 
than island erosion. This was mentioned by 
Whittaker et al. (2008: 980): “Note that the period 
of [island] growth is typically shorter than the pe-
riod of decline, such that […] the time axis should 
Manuel J. Steinbauer et al. 
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best be considered as some form of log or power 
function.” However, it was not incorporated into 
their statistical testing, and has not been subse-
quently, to our knowledge. We thus modified 
equation 3 to test whether a log-transformation 
of time fits the data better:  
 
log(Biodiversity) ~ log(Area) + log(Time) + log(Time)²
[abbreviated as lnB~lnAlnTT²]   (4) 
 
 When re-evaluating the data used by 
Whittaker et al. (2008), we graphically inspected 
each relationship to identify spurious quadratic U-
shaped relationships over the range of data sam-
pled. U-shaped relationships are indicated by sig-
nificant positive quadratic and negative linear 
terms for Time. A significant negative quadratic 
term in combination with a positive linear term 
for Time indicates a hump-shaped relationship 
with the response variable, as predicted by the 
GDM.  
 We then used generalized linear mixed-
effects models to analyze all the islands and taxa 
together, with either the Gaussian error distribu-
tion and identity link (for the response variables 
species richness, number of single-island endem-
ics and diversification index) or binomial error dis-
tribution and logit link (percentage of single-island 
endemics). Using the binomial error distribution 
for percentage values has the advantage of better 
reflecting the data by including information on the 
number of cases a percentage value is based on (a 
value of 10% is more reliable if it is based on 100 
individuals than if it is based on 10). Response 
variables were log (x+c) transformed for models 
with a Gaussian error distribution, where c = 0 for 
species richness and c= q12 / q3 for the diversifica-
tion index and number of single-island endemics 
(where q1 and q3 are the first and third quartile of 
those observations not equal to zero; Stahel 
2002). We included random effects for archipel-
ago and species group, which comprised plants, 
insects and snails. We excluded species groups 
that are subsets of other groups in the analysis 
(e.g., beetles and smaller order insects were ana-
lyzed both separately and jointly by Whittaker et 
al. 2008), in order to avoid pseudoreplication 
within our single, overall analysis. Analyzing all the 
same groups as Whittaker et al. (2008) gave simi-
lar results, but overemphasized insects. For the 
Azores, we added insects to the analysis. Thus the 
final mixed-effects model is based on plants, in-
sects and snails for Hawaii and the Canary Islands, 
insects and snails for the Azores, plants and in-
sects for Galapagos and plants for the Marquesas. 
We did not include island as a random effect, de-
spite several islands having datasets for more than 
one species group. This is because a random ef-
fect for island would interfere with the modeled 
effects of area and time (both also unique per is-
land), which  are the key foci of our analysis. We 
checked whether adding island as a random effect 
altered the findings qualitatively, which it did not 
(see Results). We evaluated the presence of hump
-shaped relationships in the same way as for the 
linear regressions. We ranked models by their AIC 
(Akaike information criterion), where lower AIC 
values indicate better model performance. Statis-
tical analyses were performed in R version 3.0.0 (R 
Development Core Team 2013) using LME4 ver-




According to our analyses based on the standard 
regression null hypothesis, roughly 50% of the 
models lost their significance, compared with 
Whittaker et al.’s results (Table S1 in the Appen-
dix). Even so, in many cases the B~lnATT² model 
(equation 2) remained both significant and the 
model best fitting the data, out of the models 
tested by Whittaker et al. (2008). The general lin-
ear and non-linear mixed-effects models sup-
ported these results for the B~lnATT² model 
(Table S2). However, the lnB~lnAlnTT² model 
(equation 4; Table 1; Figure 1a) performed better 
than the B~lnATT² model when modelling species 
richness. For the number and proportion of single-
island endemics (both diversification-related indi-
ces), the model without log-transformed time val-
ues performed best (lnB~lnATT²; Figure 1b,c). The 
diversification index was best fit by a model with-
out any time variable (lnB~lnA; Figure 1d). The log
-transformation of the diversity indices produced 
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Table 1. Comparison of model fits for the four diversity metrics, using generalized linear mixed-effects modelling (the type 
of GLME is noted for each analysis). ‘SR’ is species richness, ‘nSIE’ and ‘pSIE’ are the number and percentage of single-
island endemic species respectively, and ‘DI’ is the diversification index (see text for explanation). Lower AIC values indi-
cate better model performance, with the ‘best’ models indicated in bold font; those displayed in Figure 1 are marked with 
an asterisk. For model significance (‘P’) and the significance of the quadratic Time term (‘P(hump)’) the P-value is given. 
“Arch.” and “Spec.” indicate the variance accounted for by the random effects Archipelago and Species Group, respec-
tively. “Res.” indicates residual variance; note that this cannot readily be interpreted for the binomial model and is thus 
not reported for pSIE. Results for similar analyses for untransformed response variables (SR, nSIE, DI) or a 
"probit" (=normal) link function (pSIE) are in the appendix.  
  SR (Gaussian) Random variance nSIE (Gaussian) Random variance 
Model AIC P P(hump) Arch. Spec. Res. AIC P P(hump) Arch. Spec. Res. 
lnB~lnAlnTT2 212* <0.001 <0.001 0.27 2.65 0.27 282 <0.001 <0.001 1.06 1.24 0.54 
lnB~lnATT2 223 <0.001   0.001 0.26 2.65 0.27 281* <0.001 <0.001 1.12 1.24 0.48 
lnB~AlnTT2 342 <0.001 <0.001 0.81 2.59 0.87 388 <0.001 <0.001 1.72 1.21 1.40 
lnB~ATT2 356 <0.001   0.113 0.77 2.59 0.92 400 <0.001   0.001 1.78 1.21 1.43 
lnB~lnAlnT 227 <0.001   0.25 2.65 0.33 298 <0.001   0.94 1.23 0.67 
lnB~lnAT 221 <0.001   0.33 2.65 0.3 302 <0.001   1.39 1.23 0.67 
lnB~AlnT 361 <0.001   0.65 2.57 1.13 410 <0.001   1.33 1.18 1.86 
lnB~AT 347 <0.001   0.89 2.59 0.93 399 <0.001   2.23 1.20 1.57 
lnB~lnA 221 <0.001   0.24 2.65 0.33 297 <0.001   1.17 1.23 0.69 
lnB~A 362 <0.001   0.47 2.56 1.19 406 <0.001   1.16 1.18 1.86 
lnB~TT2 352 <0.001   0.353 1.01 2.58 1.06 397 <0.001   0.009 2.57 1.20 1.66 
lnB~lnT 356   0.001   0.83 2.56 1.28 407   0.042   2.09 1.18 2.12 
lnB~T 341 <0.001   1.08 2.58 1.05 393 <0.001   2.90 1.20 1.75 
                          
  pSIE (Binomial) Random variance DI (Gaussian) Random variance 
 Model AIC P P(hump) Arch. Spec.   AIC P P(hump) Arch. Spec. Res. 
lnB~lnAlnTT2   824 <0.001 <0.001 0.65 0.33   142* <0.001   0.004 0.06 0.04 0.15 
lnB~lnATT2 708* <0.001 <0.001 0.76 0.33   150 <0.001 <0.001 0.07 0.04 0.15 
lnB~AlnTT2 1027 no convergence 0,13 0.08   203 <0.001 <0.001 0,11 0.04 0.24 
lnB~ATT2   850 <0.001 <0.001 0.94 0.35   215 <0.001   0.006 0.12 0.03 0.24 
lnB~lnAlnT   916 <0.001   0.71 0.34   143 <0.001   0.06 0.03 0.16 
lnB~lnAT 1029 <0.001   0.78 0.35   150 <0.001   0.09 0.03 0.17 
lnB~AlnT 1165 no convergence 0,13 0.08   212   0.010   0,08 0.03 0.28 
lnB~AT 1209 <0.001   0.98 0.36   209 <0.001   0.15 0.03 0.26 
lnB~lnA 1031 <0.001   0.79 0.35   141 <0.001   0.08 0.03 0.16 
lnB~A 1236 no convergence 0,13 0.08   206   0.002   0,07 0.03 0.28 
lnB~TT2   981 <0.001 <0.001 1.05 0.35   201 <0.001   0.021 0.17 0.03 0.26 
lnB~lnT 1209 <0.001   1.01 0.36   n.s.   0.308   0.13 0.03 0.30 
lnB~T 1231   0.151   1.03 0.36   193   0.001   0.20 0.03 0.27 
 189 frontiers of biogeography 5.3, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society 
Manuel J. Steinbauer et al. 
 
better-fitting models in all cases, with the trans-
formation normalizing the residuals. Adding 
‘island’ as an additional random effect did not 
change results qualitatively, except that, for the 
number of single-island endemics, the 
lnB~lnAlnTT2 model was slightly favoured over the 
lnB~lnATT² model.  
 The curve of the best model peaks much 
earlier for species richness than for the other 
three diversity indices (Table 2, Figure 1). In the 
lnB~lnATT² model, the negative quadratic term for 
time (indicating the humped shape of the curve) is 
most significant for the proportion of single-island 
endemics (P = 2.2 × 10-72) followed by the number 
of single-island endemics (P = 4.6 × 10-9), the di-
versification index (P < 1.4 × 10-4) and species rich-
ness (P < 8-5 × 10-4). 
 Within the lnB~lnAlnTT² models, the effect 
of log(area) is more pronounced for the number 
Table 2. Timing of the peak modelled value of the diversity 
indices, in millions of years. Abbreviations as in Table 1.  
Model SR nSIE pSIE DI 
lnB~lnAlnTT² 2.5 3.6 5.8   4.6 
lnB~lnATT² 7.3 9.8 9.8 10.5 
Figure 3. The modelled relationship between the diversity indices and both area and time (representing the develop-
mental phase of a volcanic island). The ‘best’ model (see Table 1) is shown in each case for (a) SR, (b) nSIE and (c) 
pSIE. For the diversification index, a model independent of time performs as well as the one including time that is 
shown in (d). The lines shown on the graphs were derived from the fixed effects of the mixed-effects models of all 
archipelagos and taxonomic groups. A three-dimensional representation of these models, including the original data 
and differentiating between the archipelagos and the taxa, is presented in Figure S1 in the Appendix.  
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of single-island endemics (coefficient = 0.50± 0.03) 
and species richness (0.41± 0.02) than for the per-
centage of single-island endemics (0.26± 0.02) and 
the diversification index (0.16± 0.02). The same is 
true for the lnB~lnATT² models. In general, for the 
data tested, the effect of area on the diversity in-
dices is more pronounced than that of time, ac-
cording to the AIC values (Table 1).  
 
Discussion 
The B~lnATT² model examined by Whittaker et al. 
(2008), and others subsequently, is, in the original 
authors’ words, “a simple model of diversity de-
rived from the GDM” (Whittaker et al. 2008: 977). 
By applying log-transformations to different terms 
in the B~ATT² framework, we have focused en-
tirely on testing GDM predictions, while departing 
from the original empirical model. By examining, 
in this way, the different forms of the fit between 
the various diversity variables and both area and 
time, we have tested different theoretical aspects 
of the GDM, yielding insights into its nature and 
applicability.  
 The simple model originally formulated by 
Whittaker et al. (2008) seems especially suited to 
modelling speciation processes on volcanic oce-
anic islands. The lnB~lnATT2 model (i.e., as origi-
nally favoured by Whittaker et al. 2008, but with a 
log-transformed response variable) performs best 
for the diversification-related indices ‘nSIE’ and 
‘pSIE’ (Table 1). When the response variables are 
not transformed, Whittaker et al.’s B~lnATT² 
model is much the best for the percentage of sin-
gle-island endemics, but evidence for the hump 
shape is equivocal at best for the other diversity 
indices. For species richness, the increase with 
time appears to happen faster than its decline, as 
indicated by the better fit of log-transformed time 
(Figure 1a). The same may be true of the number 
of single-island endemics, for which the fit of the 
model with log-transformed time was indistin-
guishable from that with untransformed time. The 
peak in species richness is much earlier in the life-
cycle of the volcanic oceanic island than the peaks 
in either the number or proportion of single-island 
endemics. Species gain on young volcanic islands 
may therefore typically be dominated by immigra-
tion from neighbouring, older islands or mainland 
sources (Fernández-Palacios et al. 2011), while the 
generation of endemic species via speciation 
needs more time (time for speciation effect; 
Stephens & Wiens 2003). On the other hand, net 
species loss may start earlier for species not en-
demic to the island than for single-island endem-
ics. This could indicate either ongoing gain in en-
demic species via speciation (cladogenesis or ana-
genesis) while overall species richness is declining, 
or a lower extinction risk for species endemic to 
the island (e.g., by better adaption to local condi-
tions or smaller population sizes) than non-
endemics, or both.  
 Within the ATT² modelling framework, the 
species–area relationship appears to be best mod-
elled as a log–log relationship, which consistently 
resulted in more normal, unpatterned model re-
siduals. This is consistent with other analyses of 
species–area relationships on islands, including 
those explicitly considering the GDM (e.g., Fat-
torini 2009; Triantis et al. 2012). Island area had 
greater explanatory power for species richness 
than did time, which is reassuring for the useful-
ness of fitting species–area relationships for is-
lands or patches of differing ages. The fact that 
area also had greater explanatory power than 
time for all the diversification-related indices is 
consistent with the speciation–area relationship, 
as well as the standard species–area relationship. 
A direct effect of area on diversification has been 
suggested (Losos and Schluter 2000, Stuessy et al. 
2006, Kisel and Barraclough 2010) and is consis-
tent with our results. Interestingly, the 
‘diversification index’ was most parsimoniously 
modelled by a time-independent species–area 
relationship (Tables 1 and S2). This index is calcu-
lated as the number of single-island endemic spe-
cies divided by the number of genera to which 
these species belong. This index thus primarily 
reflects speciation within genera—cladogenetic 
speciation—which is considered especially de-
pendent on area (Kisel and Barraclough 2010). 
Because island area is influenced by the ontogeny 
of the island, it may be that a combination of a 
strong modelled area effect with isolation influ-
ences masks a possible change in the diversifica-
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tion index with time. More robust measures of 
cladogenetic speciation than the diversification 
index (e.g., see Kisel and Barraclough 2010) may 
yield greater insight.  
 Some of the predictions of the GDM have 
been supported for various taxa (Bunnefeld and 
Phillimore 2012, Cameron et al. 2013), but not for 
spore-producing plants, which have very high dis-
persal ability (Patiño et al. 2013; also S.C. Aranda, 
R. Gabriel, P.A.V. Borges, A.M.C. Santos,E. Brito de 
Azevedo, J. Patiño, J. Hortal and J.M. Lobo unpub-
lished). Interestingly, none of these studies inves-
tigated patterns in the percentage of single-island 
endemics. This index has a large advantage com-
pared with species richness and the number of 
single-island endemics. Species richness is strongly 
dependent on area, and the number of endemic 
species is correlated with species richness empiri-
cally, as well as directly related theoretically if one 
assumes a constant per-species diversification 
rate. The percentage of endemic species, how-
ever, is not dependent on area (or richness) in this 
way. A significant relationship between area and 
‘pSIE’ can thus be directly associated with a 
change in diversification rate (per species) with 
area. If extinction rate is constant the percentage 
of single-island endemics may be a proxy for 
speciation rate per species and time (Emerson and 
Kolm 2005, Steinbauer et al. 2012, 2013).  
 Each island represents a specific develop-
mental phase (time step) within the idealised on-
togeny of volcanic islands. Archipelagos compris-
ing solely old or young islands will thus reflect only 
a section of the postulated hump-shaped trajec-
tory (Triantis et al. 2011). Where an island is 
placed on this time frame of an idealised ontog-
eny, however, has been a cause of debate 
(Anderson et al. 2009, Whittaker et al. 2007, 2008, 
2010). Islands might sometimes have been steril-
ized by volcanic activity, setting species richness 
back to zero. Here, we followed the time esti-
mates used by Whittaker et al. (2008), to favour a 
comparison of approaches. One of the reasons for 
uncertainty, when estimating the developmental 
phases of islands, is the fact that volcanic activity 
is often pulsed. In addition, originally separated 
volcanic island can merge to one composite island 
as an effect of later eruptions (e.g., Tenerife) or 
sea-level changes (e.g., during the last glacial 
maximum Lanzarote and Fuerteventura were one 
large island, Mahan). Large volcanic events can 
sterilize entire islands a long time after their origi-
nal emergence above the sea (e.g., Gran Canaria), 
or whole islands can be sterilized by being tempo-
rarily submerged by rising sea levels (as for many 
existing seamounts today). Furthermore, unstable 
young oceanic islands, in particular, can be 
strongly affected by large landslides. Besides 
these extreme events, climatic and ecological 
changes during an island's ontogeny influence to-
pographic heterogeneity. The specific climatic his-
tory and geology of an island or archipelago also 
affects its ecological isolation from climates and 
ecosystems on a nearby continent (Fernández-
Palacios et al. 2011). All these aspects add uncer-
tainty to the space-for-time substitution ap-
proach.  
 In the light of these considerations, it is 
striking that the GDM appears to be so generally 
applicable. To some degree, a hump-shaped fit of 
diversity with time is inevitable for an oceanic is-
land, given that it necessarily starts, and almost 
inevitably ends, with no species. The different na-
ture of the fits and timing of the peaks for the dif-
ferent diversity indices suggest that time for 
diversification may be a key factor in generating 
biodiversity, at least on islands. However, the 
gradual conversion of colonist species to single-
island endemics, via both anagenesis and their 
extinction in their source areas, may represent 
part of the explanation for later peaks of 
diversification-related indices than species 
richness. It is worth noting, for example, that 
some single-island endemics in the Hawaiian 
archipelago are thought to be much older than 
the island to which they are now endemic (Lerner 
et al. 2011). Oceanic islands, of course, are only 
one type of island; an expansion of the theory be-
yond the particularities of oceanic island ontogeny 
to temporal changes in island characteristics in 
general may be worthwhile, as may consideration 
of other taxonomic levels. As more evidence accu-
mulates, it is likely that the simplicity and 
elegance of Whittaker et al’s (2008) model will 
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provide a valuable framework for incorporating 
island dynamics into island biogeography theory.  
 
Acknowledgements 
We thank K.A. Triantis for providing data and S.D. 
Irl, A. Phillimore, K.A. Triantis, R.J. Whittaker, J. 
Hortal and an anonymous reviewer for helpful 




The following supplementary materials can be 
found online: 
Figure S1. The modelled relationship between the 
diversity indices and both area and time.  
Table S1. Adjusted R2 values and significance of 
the alternative linear regression models.  
Table S2. Comparison of model fits for the four 
diversity metrics, using generalized linear mixed-
effects modelling on untransformed response 
variables .  
 
References 
Anderson, C.L., Channing, A. & Zamuner, A.B. (2009) Life, 
death and fossilization on Gran Canaria – implications 
for Macaronesian biogeography and molecular dat-
ing. Journal of Biogeography, 36, 2189–2201. 
Bates, D., Maechler, M. & Bolker, B. (2013) lme4: Linear 
mixed-effects models using S4 classes. R package 
version 0.999999-2. 
Brown, J.H. & Lomolino, M.V. (2000) Concluding remarks: 
historical perspective and the future of island bio-
geography theory. Global Ecology and Biogeography, 
9, 87–92. 
Bunnefeld, N. & Phillimore, A.B. (2012) Island, archipelago 
and taxon effects: mixed models as a means of deal-
ing with the imperfect design of nature’s experi-
ments. Ecography, 35, 15–22 
Cameron, R.A.D., Triantis, K.A., Parent, C.E., Guilhaumon, F., 
Alonso, M.R., Ibáñez, M., de Frias Martins, A.M., La-
dle, R.J. & Whittaker, R.J. (2013) Snails on oceanic 
islands: testing the general dynamic model of oceanic 
island biogeography using linear mixed effect models. 
Journal of Biogeography, 40, 117–130. 
Emerson, B.C. & Kolm, N. (2005) Species diversity can drive 
speciation. Nature, 434, 1015–1017. 
Fattorini, S. (2009) On the general dynamic model of oceanic 
island biogeography. Journal of Biogeography, 36, 
1100–1110.  
Fernández-Palacios, J.M., de Nascimento, L., Otto, R., 
Delgado, J.D., García-del-Rey, E., Arévalo, J.R. & 
Whittaker, R.J. (2011) A reconstruction of Palaeo-
Macaronesia, with particular reference to the long-
term biogeography of the Atlantic island laurel for-
ests. Journal of Biogeography, 38, 226–246. 
Heaney, L.R. (2000) Dynamic disequilibrium: a long-term, 
large-scale perspective on the equilibrium model of 
island biogeography. Global Ecology and Biogeogra-
phy, 9, 59–74. 
Heaney, L.R. (2007) Is a new paradigm emerging for oceanic 
island biogeography? Journal of Biogeography, 34, 
753–757. 
Hortal, J. (2012) Escaping the trap of low sample size in island 
biogeography. Frontiers of Biogeography, 3.4, 127–
129. 
Kisel, Y. & Barraclough, T.G. (2010) Speciation has a spatial 
scale that depends on levels of gene flow. The Ameri-
can Naturalist, 175, 316–334. 
Lerner, H.R., Meyer, M., James, H.F., Hofreiter, M. & 
Fleischer, R.C. (2011) Multilocus resolution of phylog-
eny and timescale in the extant adaptive radiation of 
Hawaiian honeycreepers. Current Biology, 21, 1838–
1844. 
Lomolino, M.V. (2000) A call for a new paradigm of island 
biogeography. Global Ecology and Biogeography, 9, 1
–6. 
Losos, J. B. & Schluter, D. (2000) Analysis of an evolutionary 
species–area relationship. Nature, 408, 847–850. 
MacArthur, R.H. & Wilson, E.O. (1963) An equilibrium theory 
of insular zoogeography. Evolution 17, 373–387. 
MacArthur, R.H. & Wilson, E.O. (1967) The Theory of Island 
Biogeography. Princeton University Press, Princeton, 
NJ. 
Patiño, J., Guilhaumon, F., Whittaker, R.J., Triantis, K.A., Grad-
stein, S.R., Hedenäs, L., González-Mancebo, J.M. & 
Vanderpoorten, A. (2013) Accounting for data hetero-
geneity in patterns of biodiversity: an application of 
linear mixed effect models to the oceanic island bio-
geography of spore-producing plants. Ecography, in 
press, doi: 10.1111/j.1600-0587.2012.00020.x 
R Development Core Team (2013) R: A language and environ-
ment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna, Austria.  
Simberloff, D. (1980) A succession of paradigms in ecology: 
Essentialism to materialism and probabilism. Syn-
these, 43, 3–39. 
Stahel, W.A. (2002) Statistische Datenanalyse. Eine Ein-
führung für Naturwissenschaftler. 4. Aufl. Vieweg 
Verlag, Braunschweig/Wiesbaden.  
Steinbauer, M.J., Otto, R., Naranjo-Cigala, A., Beierkuhnlein, 
C. & Fernández-Palacios J.M. (2012) Increase of island 
endemism with altitude – speciation processes on 
oceanic islands. Ecography, 35, 23–32. 
Steinbauer, M.J., Irl, S. & Beierkuhnlein, C. (2013) Elevation-
driven ecological isolation promotes diversification on 
Mediterranean islands. Acta Oecologica, 47, 52–56. 
Stephens, P.R. & Wiens, J.J. (2003) Explaining species richness 
from continents to communities: the time-for-
speciation effect in emydid turtles. The American 
Naturalist, 161, 112–128. 
Stuessy, T.F., Jakubowsky, G., Gómez, R.S., Pfosser, M., 
Schlüter, P.M., Fer, T., Sun, B.Y. & Kato, H. (2006) 
Anagenetic evolution in island plants. Journal of Bio-
geography, 33, 1259–1265. 
Triantis, K.A., Borges, P.A.V., Hortal, J. & Whittaker, R.J. 
(2011) The Macaronesian province: patterns of spe-
 193 frontiers of biogeography 5.3, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society 
Manuel J. Steinbauer et al. 
cies richness and endemism of arthropods. Terrestrial 
arthropods of Macaronesia – Biodiversity, ecology 
and evolution (ed. by A.R.M. Serrano, P.A.V. Borges, 
M. Boieiro and P. Oromí), pp. 49–71. Sociedade Por-
tuguesa de Entomologia, Lisbon. 
Triantis, K.A., Guilhaumon, F. & Whittaker, R.J. (2012) The 
island species–area relationship: biology and 
statistics. Journal of Biogeography, 39, 215–231. 
Whittaker, R.J. (2000) Scale, succession and complexity in 
island biogeography: are we asking the right ques-
tions? Global Ecology and Biogeography, 9, 75–85. 
Whittaker, R.J., Willis, K.J. & Field, R. (2001) Scale and species 
richness: towards a general, hierarchical theory of 
species diversity. Journal of Biogeography, 28, 453–
470. 
Whittaker, R.J., Ladle, R.J., Araújo, M.B., Fernández-Palacios, 
J.M., Delgado, J.D. & Arevalo, J.R. (2007) The island 
immaturity–speciation pulse model of island evolu-
tion: an alternative to the ”diversity begets diversity” 
model. Ecography, 30, 321–327. 
Whittaker, R.J., Triantis, K.A. & Ladle, R.J. (2008) A general 
dynamic theory of oceanic island biogeography. Jour-
nal of Biogeography, 35, 977–994.  
Whittaker, R.J., Triantis, K.A. & Ladle, R.J. (2010) A general 
dynamic theory of oceanic island biogeography: ex-
tending the MacArthur–Wilson theory to accommo-
date the rise and fall of volcanic islands. The Theory 
of Island Biogeography Revisited (ed. by J.B. Losos 
and R.E. Ricklefs), pp. 88–115. Princeton University 
Press, Princeton. 
 
Edited by Joaquín Hortal 
 194 frontiers of biogeography 5.3, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society 
re-evaluating the GDM 
